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Abstract 27 
Phages of Streptococcus thermophilus present a major threat to the production of 28 
many fermented dairy products. To date, only a handful of studies have assessed the 29 
biodiversity of S. thermophilus phages in dairy fermentations. In order to develop 30 
strategies to limit phage predation in this important industrial environment, it is 31 
imperative that such studies are undertaken and that phage-host interactions of this 32 
species are better defined. The present study investigated the biodiversity and 33 
evolution of phages within an Irish dairy fermentation facility over an eleven year 34 
period. This resulted in the isolation of 17 genetically distinct phages, all of which 35 
belong to the so-called cos group. Evolution of phages within the factory appears to 36 
be influenced by phages from other dairy plants introduced into the factory for whey 37 
protein powder production. Modular exchange, primarily within the regions encoding 38 
lysogeny and replication functions, was the major observation among the phages 39 
isolated between 2006 and 2016. Furthermore, the genotype of the first isolate in 2006 40 
was observed continuously across the following decade highlighting the ability of 41 
these phages to prevail in the factory setting for extended periods of time. The 42 
proteins responsible for host recognition were analysed and carbohydrate binding 43 
domains (CBDs) were identified in the distal tail (Dit), the baseplate proteins and the 44 
Tail-associated lysin (Tal) variable regions (VR1 and VR2) of many isolates. This 45 
consolidates the notion that S. thermophilus phages recognise a carbohydrate receptor 46 
on the cell surface of their host. 47 
 48 
Importance 49 
Dairy fermentations are consistently threatened by the presence of bacterial viruses 50 
(bacteriophages or phages), which may lead to a reduction in acidification rates or 51 
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even complete loss of the fermentate. These phages may persist in factories for long 52 
periods of time. The objective of the current study was to monitor the progression of 53 
phages infecting the dairy bacterium Streptococcus thermophilus over a period of 54 
eleven years in an Irish dairy plant so as to understand how these phages evolve. A 55 
focused analysis of the genomic region that encodes host recognition functions 56 
highlighted that these proteins harbour a variety of carbohydrate binding domains, 57 
which corroborates the notion that phages of S. thermophilus recognise carbohydrate 58 
receptors at the initial stages of the phage cycle. 59 
 60 
 61 
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Introduction 77 
Streptococcus thermophilus is one of the most extensively employed commercial 78 
starter cultures, being widely used in the manufacture of fermented milk products 79 
such as yoghurt and various cheeses (1, 2). Phage infection of S. thermophilus starter 80 
strains may result in incomplete or failed fermentations with considerable economic 81 
consequences to the dairy industry. Analysis of phage-host interactions is essential in 82 
order to derive a detailed understanding of how these problematic phages recognise 83 
and infect their host bacteria as a means to prevent or limit phage-mediated problems 84 
in the dairy fermentation setting. The initial interaction between S. thermophilus 85 
bacteriophages DT1 and MD2, and their hosts has been reported to involve three 86 
phage proteins including the tail tape measure and the host specificity protein (3). The 87 
receptor material for these phages is presumed to be a carbohydrate component of the 88 
cell wall based on adsorption assays of S. thermophilus phages to differently treated 89 
cell wall extracts of their hosts (4). 90 
Several world-wide phage isolation studies have shown that two prevalent groups of 91 
S. thermophilus phages exist. These groups are distinguished based on structural 92 
protein content and their mode of packaging, which is determined by the recognition 93 
of specific sequences, namely the cos and pac sites followed by specific or non-94 
specific cleavage of the DNA (5). The cos phages incorporate cohesive “sticky” ends 95 
in their genomes, while pac phages employ a so-called headful DNA packaging 96 
system and, therefore, may incorporate additional redundant DNA into their genomes. 97 
PCR-based methods targeting the anti-receptor gene and the gene encoding the major 98 
capsid protein, sometimes in combination with analysis of structural protein content 99 
are two of the primary approaches currently used to identify to which of the sub-100 
groups new phage isolates belong (6-8). To date, 64 S. thermophilus phage genomes 101 
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have been sequenced, approximately half of which utilise the cos packaging mode 102 
(i.e. 34 of 64 sequenced phage genomes). Of the remaining 30 S. thermophilus phage 103 
genomes, 18 employ the headful packaging or pac method. In addition to the 104 
dominantly isolated cos and pac phages, two genetically distinct groups of S. 105 
thermophilus phages have recently been described. These include the 5093 group 106 
whose genomes bear greater similarity to prophages of non-dairy streptococci than 107 
those of dairy streptococcal phages (9), and the 987 group, whose genomes bear 108 
similarity to those of lactococcal P335 phages. The mode of DNA packaging of both 109 
of these newly described phage groups is not yet described (10). The identification of 110 
such novel groups of S. thermophilus phages highlights the importance of continued 111 
evaluation of phage biodiversity in dairy fermentation environments to identify 112 
resident populations and to develop robust starter strains and strain rotations. 113 
Phage biodiversity surveys in dairy fermentation facilities are widely reported for 114 
lactococcal phages (11-18), while studies on S. thermophilus phage biodiversity are 115 
comparatively limited (9, 10, 19-21). While these studies have considerable merit in 116 
identifying the biodiversity of phages at a given time point, they do not provide 117 
temporal insights into the prevalence, maintenance, evolution and diversification of 118 
genetic lineages of phages within the industrial setting. In 2009, a longitudinal study 119 
of the evolution of lactococcal lytic 936 group phages in a Canadian cheese factory 120 
(22) highlighted that certain genetic lineages are able to survive in the plant for over a 121 
year and that genetic diversification was observed between the phages that were 122 
isolated over a 9 year period. To our knowledge, no such longitudinal studies of S. 123 
thermophilus phages have been published to date. 124 
The success of phages in the dairy environment may be attributed to many factors 125 
including their ability to adapt to host defence mechanisms and their innate resistance 126 
 o
n
 M
arch 14, 2018 by UNIV CO
LLEG
E CO
RK
http://aem
.asm
.org/
D
ow
nloaded from
 
6 
 
to chemical and thermal treatments applied in the dairy industry (23, 24). Significant 127 
effort has been invested towards understanding phages’ adaptive responses to host-128 
encoded phage-resistance systems in S. thermophilus, particularly with respect to 129 
clustered regularly interspaced palindromic repeat (CRISPR) immune systems (25-130 
27). Studies of phage adaptive responses to thermal and chemical treatments have 131 
demonstrated the increasing insensitivity of phages of Lactococcus lactis, 132 
Lactobacillus delbrueckii and S. thermophilus to such interventions, thus establishing 133 
the requirement for industrial strategies to overcome this issue (24, 28, 29). 134 
In the current study, 17 genetically distinct phages were isolated from an Irish dairy 135 
fermentation facility (factory A) over a period of more than a decade (2006-2016). 136 
The phages were isolated from cheese whey samples produced within the factory. 137 
Furthermore, cheese whey (as potential reservoirs of novel phage lineages) that had 138 
been introduced into a remote location on the factory site from other producers were 139 
also assessed for the presence of phages. The externally-derived whey is used in the 140 
production of whey protein powders and such whey protein powders have been 141 
demonstrated to be a rich source of dairy phages (30). Furthermore, phages display 142 
significant stability in this format providing an element of risk if whey protein powder 143 
is produced at the same site as the primary fermentation. The genomes of these phage 144 
isolates were sequenced and comparative genome analysis revealed two genetic 145 
lineages of cos type phages within the cheese production samples. Additionally, a 146 
further two genetic lineages exist among phage isolates associated with cheese whey 147 
acquired from other cheese producing facilities that are introduced into the plant for 148 
whey protein powder production. Focused analysis of the region encoding the 149 
predicted host interacting functions such as the distal tail (Dit), baseplate (BPP) and 150 
the host specificity protein/tail-associated lysin (Tal), highlighted the diversification 151 
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of these components through the acquisition of carbohydrate binding domains, which 152 
corroborates current thinking that phages of S. thermophilus recognise a carbohydrate 153 
receptor on their host cell surface. 154 
 155 
 156 
 157 
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Results 177 
 178 
Phage isolations 179 
Between 2006 and 2016, more than one thousand cheese whey samples from factory 180 
A were tested against S. thermophilus P1. This strain is the primary S. thermophilus 181 
production strain used to produce a particular Irish hard cheese for a period of 182 
approximately three to four months of the year. From these samples, a single phage 183 
type (named STP1) was isolated in 2006. This was considered the starting point of the 184 
evolutionary mapping of phages of the production strain P1 in this study. In 185 
subsequent years, samples were analysed for phages and restriction profile analysis 186 
identified the continued presence of the STP1 type phage in the production samples 187 
(Table 1) throughout the testing period of a decade despite the fact that the strain is 188 
only in use for at most one third of the year. Phage isolates with (minor) modifications 189 
in their restriction profiles were considered for further testing by host range analysis, 190 
multiplex PCR-based typing and genome sequencing. In addition to studying the 191 
phages from the cheese production facility of factory A, this study was aimed at 192 
identifying possible sources of different S. thermophilus phage genetic lineages that 193 
contribute to the development and evolution of phages in this particular cheese 194 
factory. Therefore, cheese whey samples (2,043 samples) acquired from other 195 
factories for whey protein powder production were also tested for the presence of 196 
phages of S. thermophilus and their relatedness to those identified in the production 197 
plant was assessed. These samples were tested against a panel of 52 S. thermophilus 198 
dairy strains that were available within our collection to obtain maximum phage 199 
diversity. 200 
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In this study, 17 genetically distinct phages were isolated, eight of which were 201 
isolated from factory A-derived cheese whey samples in 2006, 2008 and 2015 (STP1 202 
in 2006, STP2 in 2008, and A0, B0, C0, 9B4, 16B8 and 31B4 in 2015). Between 2008 203 
and 2015, over one hundred phage isolates with near identical restriction fragment 204 
length polymorphism profiles to those of STP1 (and on occasion STP2) were 205 
identified only within the cheese factory itself highlighting the dominant application 206 
of particular starter cultures and the enduring nature of the STP1/STP2 phages in the 207 
plant (Table 1). While no novel isolates were observed in the factory during this 208 
seven-year period (2008-2015), a novel phage genotype (B5) was isolated in the 209 
external whey samples in 2012 and additional novel genotypes were identified in the 210 
external whey samples in 2014 (MM25 and M19), 2015 (9A, L5A1, 7A5, 7T) and 211 
2016 (V2 and R1) (See phage list in Table 2). A noteworthy point is the spread of 212 
samples across the eleven year period. While an approximately equal number of 213 
samples from the factory were tested each year, the number of externally derived 214 
samples was increased considerably from 2012 onwards to expand the potential for 215 
isolation of novel genotypes. Thus from 2006 to 2011, approximately 100 externally 216 
derived samples per year were tested, while from 2012 to 2016 approximately 300 217 
samples were assessed. This resulted in an increase in the number of genotypes 218 
identified highlighting the benefit of extensive screening. 63 % of samples from 219 
factory A were positive for the presence of phages targeting strain P1 with titres 220 
ranging from 10
2
-10
5
 pfu.ml
-1
 in the original whey samples. 68 % of the externally 221 
derived samples were phage positive against at least one of the 52 strains included in 222 
the testing panel with phage titres ranging from 10
2
-10
8
 pfu.ml
-1
. All phage isolates 223 
were identified as cos-type phages by multiplex PCR with the corresponding PCR 224 
product of 170 bp visualised on a 1 % agarose gel (data not shown). 225 
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 226 
 227 
 228 
Host range analysis 229 
All samples derived from the factory were initially tested against S. thermophilus P1 230 
(the strain used in production), and phage isolates were propagated on this strain and 231 
subsequently used in a challenge against a collection of 51 additional S. thermophilus 232 
strains. The majority of phage isolates from the factory were identified to have a 233 
common secondary host (P2), while phage-specific infection profiles were also 234 
observed (Table 2). In order to assess the extent of phage biodiversity, whey samples 235 
acquired from other factories were screened against the panel of 52 S. thermophilus 236 
strains without a pre-screening on P1 alone (See methods). Many of these samples 237 
also contained phages capable of infecting S. thermophilus P1 with six of the nine 238 
phages isolated from externally derived whey identified originally on this strain only 239 
and upon production of high titre lysates (>10
7
 pfu.ml
-1
), additional hosts were 240 
identified (Table 2). Interestingly, phages MM25, M19 and R1, which were identified 241 
on primary hosts other than P1 in the phage screen (Table 1), have unique and narrow 242 
host range profiles. While these phages were not isolated on strain P1, when a high 243 
titre lysate of MM25 was produced on its primary host strain, a very small 244 
subpopulation was capable of infecting P1 (at an efficiency of plaquing of 10
-6
) 245 
highlighting their ability to readily adapt to this strain (and others).  246 
 247 
Phage lineages 248 
During the eleven year period between 2006 and 2016, more than 300 individual 249 
phage isolates were compared (by restriction profiling, data not shown), of which the 250 
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vast majority (96 %) was identified as exhibiting STP1-like profiles (lineage 1) in 251 
both the factory and externally derived whey (Tables 1 & 2). However, a small 252 
number of isolates were identified for which clearly distinct restriction profiles and/or 253 
host ranges were observed. These were considered for further analysis resulting in the 254 
identification of 17 distinct S. thermophilus phages, which were then subjected to 255 
whole genome analysis (Supplementary Table S1). Based on phylogenetic analysis of 256 
the overall nucleotide sequences, there appears to be four genetic lineages of phages, 257 
including two derived from phages within the cheese production facility of factory A 258 
(lineages 1 & 2) and two from externally derived whey samples only (lineages 3 & 4) 259 
(Fig. 1). The first lineage is that of STP1, the first isolate in 2006, further including 260 
phage isolates STP2, A0, B0, C0, L5A1, B5 and 7A5. Phages of this lineage appear to 261 
share a similar host range profile and are characterised by their ability to primarily 262 
infect strains P1 and P2 (Table 2). Five of these phages originate from the cheese 263 
whey from factory A, while three were isolated from cheese whey from external 264 
sources (B5 in 2012, and L5A1 and 7A5 in 2015) (Fig. 1 & Table 1). In order to 265 
perform a more focused analysis of the genetic content of the 17 phage isolates, the 266 
most closely related isolates were identified by alignment of their nucleotide 267 
sequences  (Fig. 1). This formed the basis of a neighbour mapping of phage genomes 268 
following the order identified in the phylogenetic analysis as displayed in Figures 2 269 
(lineage 1 and 2 phage isolates) and 3 (lineage 3 and 4 phages that have not yet been 270 
observed in factory A). In this analysis, STP1 was the base comparator as it was the 271 
first isolate and it served to highlight the major regions of divergence between phages 272 
of different lineages and within lineage 1 phages.   273 
While lineage 1 phages appear highly related, some insertions/deletions and minor 274 
rearrangements within the lysogeny and replication modules are observed in 275 
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comparison to the first isolate, STP1 (Fig. 2). The genome of STP2, isolated in 2008 276 
was essentially identical to that of STP1 with some point mutations throughout the 277 
genome and minor sequence variations at the genomic termini. The remaining lineage 278 
1 phages display a high degree of similarity (Fig. 2). Therefore, minor deletions and 279 
genetic rearrangements appear to be the major feature of the evolution of lineage 1 280 
phages, while localised genetic acquisitions were also observed in L5A1, 7A5 and B5 281 
in the lysogeny- and replication related modules (Fig. 2). It is possible that other 282 
companies also use S. thermophilus P1 or closely related strains thereby explaining 283 
the prevalence of this phage lineage in samples derived from external sources (Table 284 
1).  285 
Lineage 2 is represented by phages related to 31B4 and further represented by phage 286 
isolates 7T, 9B4, 16B8, V2 and R1 (Fig. 1). These phages appear to be highly similar 287 
to the STP1 lineage (lineage 1), most notably in the genomic region encoding the 288 
structural components, while having acquired a distinct genomic region within the 289 
predicted lysogeny and replication gene modules with only the very rightward end of 290 
the genome displaying similarity between B0 (lineage 1) and 31B4 (lineage 2) (Fig. 291 
2). It seems highly likely that the phages isolated in the factory (31B4, 9B4 and 16B8) 292 
have recombined with (one of the) externally derived phages such as 7T, as the latter 293 
phage was isolated in the externally-derived whey prior to the identification of similar 294 
restriction profiles and genetically similar isolates in the factory later the same year, 295 
possessing an almost identical replication module (Fig. 2). Phage 7T appears to be the 296 
ancestor (or its closest relative) of this lineage since it was the first of this type to be 297 
isolated in early 2015 (Table 3) with additional members of this lineage isolated both 298 
in the factory- and externally derived whey samples appearing later in 2015 and 2016, 299 
respectively (Table 1).  300 
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Lineage 3 consists of MM25 and 9A, both of which were isolated from externally 301 
derived whey samples. Lineage 3 contains no members directly derived from factory 302 
A. Similarly, lineage 4, which has only one constituent member (M19), was isolated 303 
from an externally derived whey sample in 2014. The genetic region encoding the 304 
structural elements of phages of lineages 3 and 4 bears significant similarity to those 305 
of lineages 1 and 2 (Fig. 3 displays the comparison of lineage 3 and 4 phage genomes 306 
to each other and to that of the lineage 1 phage STP1); however, these phages are 307 
considerably divergent in their putative replication and lysogeny modules although 308 
there is moderate similarity between lineage 1 and 4 phage isolates in the replication 309 
region suggesting a possible shared ancestry (Fig. 3). Interestingly, the primary host 310 
of MM25 and M19 is not P1 indicating that these phages are derived from factories 311 
that likely do not employ this strain although they have demonstrated the ability to 312 
adapt to infect P1 (at a frequency of ~10
-6
), among other strains. Conversely, 9A was 313 
initially isolated on strain P1 and exhibits a host range similar to those of a number of 314 
lineage 1 and 2 phages (Table 2). This may indicate that 9A was exposed to strain P1 315 
earlier than MM25 thus providing the phage with the opportunity to adapt.  Indeed, 316 
phage 9A may have appeared in the factory prior to its first detection in this study (in 317 
2015). The abundance of 9A (and MM25 and M19) may have been below the 318 
detection threshold of this study thus precluding its’ isolation in previous sampling 319 
years.. Given the distinct host ranges of these isolates, it is noteworthy that lineage 3 320 
and 4 phages display reduced similarity in the genomic region encoding host 321 
recognition functions (Fig. 3). Furthermore, these three isolates (MM25, 9A and M19) 322 
were the only members of their kind identified in this study highlighting the low 323 
incidence of these phage genotypes. 324 
 325 
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Genome organisation 326 
The genomes of phage isolates sequenced in this study are similarly organised with 327 
four identifiable functional modules based on BLASTP analysis, i.e. the 328 
structural/packaging, lysis, lysogenic and replication modules (Fig. 2 and 3). The 329 
genomes of the isolated phages are 34.0 - 36.8 kb in length and carry between 39 and 330 
48 predicted ORFs (Table 2). BLASTN analysis of STP1 highlighted that this phage 331 
bears most significant similarity to the cos-type phages Abc2 and DT1 with almost 332 
identical sequences shared across approximately 70 % of their respective genomes. 333 
Three major functional modules are observed in the genomes of the isolated phages 334 
associated with morphogenesis, lysogeny and replication, and these are highlighted 335 
below in more detail. The major region of divergence is contained within the lysogeny 336 
and replication modules as exemplified in Figures 2 and 3.  337 
The most leftward functional module on the phage genomes (as depicted in Figs. 2 & 338 
3) encodes the predicted structural components and DNA packaging system. Within 339 
the structural module of the bioinformatically analysed phage genomes, it is possible 340 
to identify the small and large terminase-encoding genes (terS and terL), as well as 341 
genes specifying the portal, scaffolding, major capsid, head-tail joining, major tail, tail 342 
tape measure and baseplate proteins. Pfam searches with the tail tape measure protein 343 
(TMP) sequence revealed two domains at the carboxy-terminus, namely a Cysteine 344 
histidine-dependent amidohydrolase/peptidase (CHAP) and a Soluble Lytic 345 
Transglycosylase (SLT) domain that resemble lytic domains often associated with 346 
tail-associated lysins of phages (34, 35). The majority of the structural protein-coding 347 
regions are highly conserved between all isolates with some notable exceptions. 348 
Among these, the so-called host specificity proteins encoded by the phage isolates 349 
show significant divergence between phages belonging to lineages 1/2 and 3/4 (Figs. 350 
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2 - 4), which is likely a reflection of the distinct primary hosts on which these phages 351 
were isolated and the different sources of isolation of the phages. 352 
The second functional module is represented by the lysis cassette, which typically 353 
encompasses holin and lysin-encoding genes required for progeny phage release at the 354 
end of the phage cycle. The vast majority of S. thermophilus phages reported to date 355 
encode two lysins and the phages isolated in this study are no exception to this. The 356 
first of the two lysins encoded by these phages possesses an amidase/peptidoglycan 357 
hydrolase domain and would be expected to encode a functional lysin. Additionally, 358 
the second (where identified) bears similarity to the lysin encoded by the S. 359 
thermophilus phages Abc2 and ALQ13.2 for which genome sequence data is 360 
available. The stacking of genes involved in lysis may imply that one of the lysins is 361 
non-functional through mutation or deletion events or additional genes encoding 362 
endopeptidases/lysins were acquired through homologous recombination with other 363 
streptococcal phages. 364 
The third gene cassette relates to lysogeny functions with an identifiable repressor for 365 
the lytic and lysogenic cycles while a number of genes encoding proteins of unknown 366 
function were identified in several of the phage isolates as well (Fig. 2 & 3). The 367 
suggestion that this genomic region is a recombination hot-spot may explain the 368 
persistence of this genomic region in virulent phages (36). Indeed, in the present 369 
study, the lysogeny module is among the most divergent genomic regions within the 370 
analysed genomes. The genomic location of the lysogeny cassette is consistent with 371 
that of previously sequenced S. thermophilus phages, i.e. between the lysis and 372 
replication modules (37, 38). 373 
The fourth and last module encodes replication-associated proteins, such as DnaC and 374 
a single-stranded DNA binding protein. This module is among the most divergent 375 
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regions of the genomes among the 17 phage isolates (Fig. 3). The observed diversity 376 
among the replication regions of these phages is perhaps the most distinctive feature 377 
of the four lineages of phages isolated in this study. Lineages 3 and 4 phages display 378 
completely distinct replication modules to each other (Fig. 3) while that of M19 379 
(lineage 4) bears some observable relationship to lineage 1 phages such as STP1 (Fig. 380 
3). Furthermore, the replication modules of lineage 1 and 2 phages appear to be 381 
distinctive with very limited similarity in this region as exemplified by B0 and 31B4 382 
in Fig. 2. This highlights that among the cos phages isolated in this study, the most 383 
significant genomic source of diversity is within the replication module. 384 
 385 
Tail tip functions harbour carbohydrate-binding domains 386 
In Siphoviridae, the first gene following the TMP-encoding gene is the distal tail 387 
protein (Dit)-encoding gene (39), which in turn is typically followed by the gene 388 
specifying the tail-associated lysin or Tal protein. The Tal protein may encompass 389 
several functions, which may or may not include lytic activity, but in which the ~400 390 
N-terminal residues have the same topology among many Siphoviridae phages (39). 391 
The TMP of the phages that are subject of the current study is, as mentioned above, 392 
predicted to contain lytic activity. The Tal protein encoded by the phages studied in 393 
the present study contains, in addition to the topologically conserved N-terminal 394 
portion, a previously described host-specificity region or receptor binding protein 395 
(RBP) domain (3, 40). We will therefore refer to this protein as Tal-RBP to represent 396 
the apparent dual function of this protein. Finally, the ORF downstream of the Tal-397 
RBP-encoding gene, is coined here as bpp, based on the notion that it encodes a 398 
baseplate protein (BPP). Several ORFs in the DNA region encoding tail components 399 
have been found to contribute to sugar recognition in Siphoviridae phages (41-46), 400 
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and thus the sequences of Dit, Tal-RBP and BPP were analysed for potential 401 
carbohydrate (or other) binding domains. 402 
Dit proteins have been designated to be either “classical”, i.e. with a short sequence, 403 
or “evolved”, i.e. bearing carbohydrate binding domains (CBDs) (11, 43). The phages 404 
in this study all encode evolved Dit proteins since they harbour a CBD that shares 405 
structural similarity (HHpred score 99.9 %) with the CBD of the evolved Dit from 406 
Lactobacillus casei phage J-1 (43).  407 
The Tal-RBPs encoded by the phages isolated in this study range in size from 906 aa 408 
(MM25) to 1114 aa (9A) (Fig. 4). This size range is consistent with previously studied 409 
S. thermophilus phage Tal proteins (coined host specificity determinants in (40)). The 410 
Tal-RBPs of S. thermophilus phages are characterised by the presence of a conserved 411 
N-terminal region (Tal domain; 1 to ~400) followed by one or two variable regions, 412 
named VR1 and VR2, flanked by multiple collagen repeats (Fig. 4) (40). Sequence 413 
analysis of Tal-RBPs of the phages isolated in this study revealed that each previously 414 
termed variable region is in most cases a predicted CBD and the variation in size of 415 
the Tal-RBP proteins may be accounted for by the presence or absence of such CBDs.  416 
MM25 and M19 encode the smallest Tal-RBPs of 906 aa and these proteins lack a 417 
VR1 region, while at aa positions 488-570 a partial 5E7T_B domain, which 418 
corresponds to the recently described CBD of a lactococcal phage accessory baseplate 419 
protein called BppA (44), is observed. This domain is followed by a CBM4 family 420 
Igu1_A domain at positions 570-715 based on HHPred analysis in MM25 (Fig. 4). 421 
Together, these domains constitute the VR2 domain. In addition, the Tal-RBPs of 422 
these phages did not harbour any obvious collagen repeat motifs (G-X-Y). The host-423 
recognising VR2 regions of MM25 and M19 were distinct from one another, which is 424 
consistent with their unique host range profiles. Phages belonging to lineages 1 & 2 425 
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described above encode Tal-RBPs that harbour a 5E7T_B (BppA) domain with 426 
greater than 97 % probabilityThe presence of the 5E7T_B BppA-like CBD in the Tal-427 
RBPs of lineage 1 & 2 phages (Fig. 4) in this study correlates with the position of the 428 
first variable region, VR1, described in phages DT1 and DT2 (40). Figure 4 highlights 429 
the phylogeny of the Tal-RBPs of the phages isolated in this study and further 430 
illustrates the presence of CBDs and the relative size of these proteins in 431 
representative lineage 1/2 (STP1), 3 (9A) and 4 (MM25) phage isolates. To further 432 
assess if VR1 is typically representative of the BppA CBD in other S. thermophilus 433 
phages, the Tal-RBPs of DT1 and DT2 were analysed using HHpred revealing the 434 
presence of a similar CBD in the same relative position in both Tal-RBPs. This 435 
indicates that VR1 is, in fact, a variably present, (apparently) non-essential, yet 436 
possibly accessory BppA-like CBD. In addition, the Tal-RBP of DT2 harbours a 437 
second CBD (now known to be a 5E7T_B BppA-like domain with 94 % probability) 438 
covering part of the position formerly identified as VR2. Similarly, the Tal-RBP of 439 
phage 9A harbours two adjacent BppA-like CBDs akin to DT2 and is the largest 440 
among the predicted Tal-RBPs encoded by phages in the present study at 1114 aa, in 441 
agreement with the acquisition of multiple CBDs (Fig. 4). The CBDs in the Tal-RBPs 442 
of the phages from the present study are also flanked by variable numbers of collagen 443 
repeat motifs (G-X-Y). Therefore, it is now clear that the variable regions are largely 444 
represented by CBDs and it is possible that the repeat motifs may aid the 445 
recombination and insertion of such domains. The VR2 domain includes the host 446 
recognition domain (as previously defined) and may additionally include a CBD in 447 
some cases giving rise to the size variation among these proteins (and perhaps the 448 
ability to bind to a range of carbohydrate motifs). 449 
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In addition to the classical Tal-RBPs (previously termed the host specificity protein) 450 
of S. thermophilus phages, their genomes also typically harbour a gene downstream of 451 
the Tal-RBP-encoding gene whose product is currently of unknown function although 452 
it is implicated in host interactions. HHPred analysis of this protein in this phage 453 
family (e.g. DT1 as a representative of the group of isolates) highlighted the presence 454 
of a C-terminal domain with predicted structural similarity to the phage RBP of 455 
TP901-1 (97 % probability), which is involved in L. lactis cell wall polysaccharide 456 
binding. This strongly supports the notion that this highly conserved protein is part of 457 
the tail tip and involved in host interactions.  458 
 459 
Morphological analysis 460 
All phage isolates were identified as cos-type phages related to the well described 461 
phage cos-type phage DT1, which exhibits a long non-contractile tail and an isometric 462 
head. To confirm that the phages isolated in this study conform to the expected 463 
morphological characteristics of these phages, STP1 and MM25 were (randomly) 464 
selected for characterisation by electron microscopy. STP1 and MM25 were found to 465 
possess tails of 253.9 ± 9.7 nm (n=19) and 247.6 ± 6.2 nm (n=24), respectively and 466 
heads with diameters of 56.4 ± 1.6 nm (n=20) and 55.7 ± 2.1 nm (n=24), respectively 467 
(Fig. 5). Given the significant sequence relatedness of the majority of isolates in this 468 
study, it is likely that all these phages are representative of the overall group of 469 
isolates. Interestingly, a tail-associated, “feather-like” appendage protruding from the 470 
tail tip was observed for both phages of 46.7 ± 2.3 nm (n=20) (STP1) and 45.9 ± 2.9 471 
nm (n=23) (MM25) including a bridging fibre structure of approximately 12 nm 472 
(n=20).  473 
 474 
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 475 
Discussion 476 
Limited studies pertaining to the diversity, persistence and evolution of S. 477 
thermophilus phages in dairy fermentation plants have been performed (6, 7, 10, 20, 478 
21, 32, 33, 47). Among those that have been performed, limitations such as 479 
sequencing of very localised regions of the phage genomes such as the VR2 regions 480 
(48) and sequencing of limited numbers of phage isolates (36) have caused knowledge 481 
of the phage-host interactions in S. thermophilus to lag behind those of their 482 
lactococcal counterparts. However, these studies have been very useful in 483 
demonstrating that cos phages predominate in dairy samples where S. thermophilus 484 
starter strains/cultures are employed. Furthermore, it has also been demonstrated that 485 
phages are abundant in whey protein powder (30) and that, in particular, S. 486 
thermophilus phages are synonymous with modular exchange in terms of their 487 
evolutionary development pathways (10, 38, 49). The theory of modular exchange of 488 
S. thermophilus phage genomes was clearly demonstrated between the classical cos 489 
phages Sfi21 and 7201, among others (36). This highlights that while slow 490 
evolutionary drift may occur in this species, homologous recombination of small sets 491 
of genes or, indeed, entire modules such as the replication module in the case of the 492 
above-mentioned phages (36) or the morphogenesis module in the case of the 987 493 
phages (10) is a widely observed phenomenon. In the broader context, phage genome 494 
evolution has been proposed to proceed via a high or low gene content flux depending 495 
on the host species; the lytic or temperate nature of the phages and balance of these 496 
two types of phages within a given species (50). In S. thermophilus, the incidence of 497 
lysogeny is reportedly low (51) and therefore, it would perhaps be expected that these 498 
phages would likely follow the low gene content flux as high gene content flux is 499 
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more typically observed among temperate phages. However, this does not appear to 500 
be the case for S. thermophilus phages where modular shuffling and recombination 501 
are observed among lytic phages.  502 
 503 
In the present study, we report the genomic structure and suggest the evolutionary 504 
development of 17 novel S. thermophilus cos phages isolated from whey samples 505 
from a single Irish factory as influenced by whey that was imported into the factory 506 
site for processing into why protein powder. Given that whey protein powder is 507 
known to act as a rich reservoir for dairy phages, it is unsurprising perhaps that the 508 
phages from the externally-derived whey appear to have recombined with phages in 509 
the cheese factory itself (30). The identification of novel genotypes in the external 510 
wheys often coincided with the identification of similar genotypes in the factory 511 
indicating the likely entry of the phages from the imported whey into the cheese 512 
factory and/or recombination with the existent phage population. This is significant 513 
since there may be a potential for recombination with existing lytic phages in the 514 
factory or, to a lesser extent, integrated prophages of P1 (although it is currently not 515 
known if P1 harbours prophages in its genome) or other strains employed in the 516 
factory. While the incidence of lysogeny is not very high in S. thermophilus, modular 517 
exchange of lytic phages is a well-established phenomenon in phages of this species 518 
(10, 31-33). For example, phages 7A5 and L5A1 predate A0, B0 and C0 in the phage 519 
isolations during 2015 and there is considerable relatedness between these lineage 1 520 
phages (Figs. 1 & 2). Furthermore, the lineage 2 phage 7T predates 9B4, 16B8 and 521 
31B4 and the genomes of these phages were demonstrated to exhibit novel replication 522 
regions relative to lineage 1, 3 or 4 phages (Figs. 2 & 3). Interestingly, the 523 
identification of 7T in March 2015 in the externally-derived whey samples was 524 
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followed by the identification of phage isolates with similar DNA restriction profiles 525 
in the factory (represented by 9B4, 16B8 and 31B4) later in 2015 (June). Thus, it is 526 
likely that lineage 2 phages primarily derived from lineage 1 phages as their 527 
packaging and morphogenesis modules are highly conserved and that homologous 528 
recombination and modular exchange with 7T-like phages from the externally-derived 529 
phages resulted in the presence of lineage 2 phages in the factory. Lineage 3 and 4 530 
phages appear to exhibit a higher degree of genetic novelty and divergence and are, 531 
therefore, considered distinct genetic lineages to those represented by lineages 1 & 2. 532 
While lineage 3 and 4 isolates MM25 (2014), 9A (2015) and M19 (2014) were 533 
characterised as harbouring significant diversity in their genetic content, there does 534 
not appear to have been a coincidence of phages with similar genotypes in the factory 535 
as yet. These phages were only isolated on two occasions (Table 1) and, therefore, 536 
they are less abundant and prevalent in the processing site thereby limiting their 537 
development and transfer to the cheese factory. However, their presence on the 538 
factory site harks a warning to producers to monitor for the continued presence of 539 
such phages that may become problematic if they become prevalent or more 540 
abundant. 541 
Longitudinal studies such as this one are important to understand the natural 542 
evolutionary processes at play in the industrial context and reinforce the notion of 543 
evolution of S. thermophilus phages by modular rearrangements and acquisitions 544 
while minor evolutionary shifts are also observed (10, 31, 49). Furthermore, the 545 
morphological analysis of phages STP1 and MM25 revealed the presence of a feather-546 
like tail appendage (Fig. 5). This feather-like appendage has been observed recently 547 
for some cos-type phages (20, 33), although it is not widely described among this 548 
group of phages. No obvious genetic element could be identified that is unique to 549 
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these phages compared to previously sequenced S. thermophilus phage genomes. 550 
However, early attempts at imaging CsCl-purified lysates of STP1 were largely 551 
unsuccessful due to instability of the phages and many separated tails and heads were 552 
observed, while in addition the feather-like appendage was not observed (data not 553 
shown). Therefore, it is possible that this appendage is a fragile structure that may be 554 
destroyed or removed by harsh treatments and/or ultracentrifugation. The preparation 555 
of fresh crude lysates that were subsequently diluted to remove media and 556 
contaminating background artefacts proved a more effective approach to the analysis 557 
of these phages that retain these delicate appendages. Knowledge of the presence of 558 
such structures that may play a role in host interactions is vital to developing a 559 
detailed understanding of the means by which phages of S. thermophilus recognise 560 
and attach to their bacterial hosts.  561 
 562 
The Tal-RBP encoded by phages is the primary determinant of host recognition and 563 
attachment and in 2001, the modular arrangement of the host specificity proteins (Tal-564 
RBPs) of seven S. thermophilus phages was analysed (40). In this study, the Tal-RBPs 565 
were determined as putative RBPs of the phages, and were characterised as presenting 566 
with up to three domains: (i) a conserved N-terminal region of 491 aa (domain 1); (ii) 567 
the VR1 region, which is present in some but not all Tal-RBPs (domain 2), and (iii) 568 
the VR2 which is involved in host recognition (domain 3). In the present study, 569 
detailed bioinformatic analyses revealed that the VR1 and VR2 regions are often 570 
represented by predicted carbohydrate-binding domains. This consolidates the notion 571 
that S. thermophilus phages recognise a carbohydrate surface receptor. Furthermore, 572 
the presence of a predicted cell wall polysaccharide or teichoic acid-interacting 573 
domain in the second baseplate protein (BPP) provides additional insights into the 574 
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complexity of the interactions of these phages. Structural bioinformatics is a very 575 
useful tool to shed light on viral “dark matter” and this is a noteworthy example of its 576 
application. Indeed, it may have implications for the interactions of phages of non-577 
dairy streptococci that may employ similar receptor material and provides a route of 578 
investigation for these phages.  579 
Lactococcal phage-host interactions have become a paradigm for Gram-positive 580 
bacteria and their infecting phages and this is warranted by the extensive application 581 
of lactococcal starter strains in the dairy industry and the persistence of their phages in 582 
the dairy fermentation setting (44, 52-54). Despite the industrial importance of S. 583 
thermophilus starter cultures in the dairy industry, the phage-host interactions of this 584 
species have not enjoyed as much attention as their lactococcal counterparts. 585 
Therefore, it is essential to generate data on the diversity and evolution of these 586 
phages, and to unravel the intricacies of their interactions with their respective host 587 
bacteria. The finding of presumed CBDs in the tail tip structural proteins of S. 588 
thermophilus phages provides clear direction for future studies relating to these 589 
phages and the means by which they recognise and attach to their cognate hosts to 590 
expand current knowledge on this industrially important subject. Future research will 591 
focus on the functional characterisation of individual proteins and protein complexes 592 
that harbour CBDs to define the role of the individual domains in generalised or 593 
specialised binding to the host. The identification of CBDs in phage structural 594 
proteins will provide a basis for the targeted analysis of different CBD types to assess 595 
the range of binding activities among such phages. 596 
 597 
 598 
 Materials & Methods 599 
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Bacterial strains, bacteriophages and media 600 
Bacterial cultures were grown in M17 broth (Oxoid, Hampshire, U.K.) supplemented 601 
with 0.5 % lactose at 42 ˚C. Phages were isolated from dairy whey samples from an 602 
Irish cheese production facility (factory A), both those produced in-house as well as 603 
those obtained from cheese whey derived from other factories that were destined for 604 
whey protein powder production on the premises of factory A. Two phage screening 605 
approaches were employed in this study. In the first approach, all samples (>1000 606 
samples) derived from the cheese factory (Factory A) were initially tested against S. 607 
thermophilus P1 using the double agar plaque assay method defined by Lillehaug (55) 608 
since this is the S. thermophilus strain that is primarily used in the cheese production 609 
process of factory A. In all cases, the same master stock of S. thermophilus P1 was 610 
used to generate the P1 culture for phage testing (and was sourced from the 611 
commercial starter supplier) to ensure that the culture had not changed across the 612 
testing period of 11 years. The second approach involved 2,043 whey samples derived 613 
from other factories (using unknown starter cultures), which were tested against a 614 
panel of 52 S. thermophilus strains obtained from the UCC strain collection 615 
(representing historical dairy isolates, Supplementary Table S2) to identify potential 616 
novel phage isolates that may be introduced into the plant. This second part of the 617 
study therefore reflects 106,236 (52 strains tested against 2,043 samples) sensitivity 618 
assays performed over the eleven year period. Phages were propagated on relevant 619 
hosts as indicated in Table 1 at 42 °C with the addition of 10 mM CaCl2, filtered after 620 
lysis had occurred and stored at 4 °C until required. 621 
 622 
Host range analysis 623 
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All bacteriophages were propagated to a titre of (at least) 10
7
 pfu.ml
-1
 and their host 624 
ranges were subsequently assessed on 51 additional strains from various sources. Host 625 
range analysis was performed using the previously described spot test method (56). 626 
To verify the results of the spot assays, enumeration of the level of sensitivity of each 627 
strain was defined by plaque assays (55). All assays were performed in triplicate and 628 
the efficiency of plaquing (E.O.P.) was calculated and is reported in Table 2. The 629 
E.O.P. was defined as the ratio of the average titre of the phage on the test (secondary) 630 
host strain to the average titre of the primary propagating host strain. 631 
 632 
Multiplex PCR  633 
To define if isolated phages belong to the cos- or pac-type S. thermophilus phages, 634 
multiplex PCR was performed using phage DNA as template. The multiplex PCR was 635 
based on the method of Quiberoni and colleagues using the conserved sequences of the 636 
gene encoding the major capsid protein of seven S. thermophilus phages belonging to 637 
both the cos and pac subgroups (19). The primer sequences based on the cos phages 638 
were as follows: cosFOR (5’-ggttcacgtgtttatgaaaaatgg-3’) and cosREV (5’-639 
agcagaatcagcaagcaagctgtt-3’) with an expected product size of 170 bp and those based 640 
on the pac phages were pacFOR (5’-gaagctatgcgtatgcaagt-3’) and pacREV (5’-641 
ttagggataagagtcaagtg-3’) with an expected product size of 427 bp. The resulting 642 
amplicons were applied to a 1 % agarose gel and visualized by UV transillumination. 643 
 644 
Phage DNA extraction 645 
DNA for genome sequencing was extracted from 50 ml of fresh phage lysate (~10
8
 646 
pfu.ml
-1
), which was first treated with 1 μg/ml DNAse and RNAse at 37 ˚C for 30 647 
minutes. Following centrifugation at 13,200 x g for 15 min, the lysate was transferred 648 
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to a new tube, after which polyethylene glycol 8000 and NaCl were added to a final 649 
concentration of 10 % and 0.5 M, respectively, and the resulting suspension was then 650 
incubated at 4 ˚C overnight. Subsequently, the suspension was centrifuged at 17,700 x 651 
g for 15 min and the supernatant removed. The PEG-precipitate was resuspended in 5 652 
ml of TE buffer (pH 9.0) and treated with 120 μl of 20 mg/ml proteinase K for 20 min 653 
at 56 ˚C. Potassium acetate was added to a final concentration of 1 M followed by 654 
incubation on ice for 20 min before centrifugation at 13,200 x g for 10 min. The 655 
supernatant was then phenol/chloroform-extracted (25:24:1 656 
phenol:chloroform:isoamyl alcohol, Sigma Aldrich) (at least) twice and the aqueous 657 
phase precipitated with 2.5 volumes of ice cold 96 % ethanol and 0.1 volume of 3M 658 
sodium acetate (pH 4.8). Subsequent to centrifugation, the pellet was washed in 70 % 659 
ethanol and resuspended in 100 μl of TE buffer (pH8.0).  660 
 661 
 662 
 663 
Genome sequencing, assembly & annotation 664 
Sequencing of the STP1 genome was conducted using a GS-FLX Titanium sequencer. 665 
10 µg of DNA was extracted and verified by nanodrop quantification and 666 
confirmatory PCR-based ID tests and restriction profile analysis were conducted on 667 
the DNA extract prior to shipment to the contract sequencing facility (Agencourt 668 
Bioscience, MA, USA). Chromosomal DNA was mechanically sheared via a 669 
Hydroshear device (Genemachine, San Carlos, CA) and fragment size selected (3 kb) 670 
on an agarose pulsed-field gel electrophoresis, excised and purified. A similar 671 
approach was employed for the sequencing of STP2 but by a different service 672 
provider (Macrogen, Seoul, Korea). The files generated by the 454 FLX instrument 673 
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were assembled with GSassembler (454 Lifesciences, Branford, CT, USA) to generate 674 
a consensus sequence. The assembly was entered into Staden (57) and additional 675 
sequencing walks were performed resulting in a single, gapless contig. The remainder 676 
of the genomes were sequenced using Illumina MiSeq technology (GenProbio, Parma, 677 
Italy). MIRA (mimicking intelligent read assembly) version 4.0.2 was used for de 678 
novo assembly of MiSeq-derived phage genome sequences to generate a consensus 679 
sequence. Open reading frames (ORFs) were predicted using a combination of 680 
Prodigal v2.6 and BLASTX (58, 59) followed by manual assessment, curation, and 681 
correction of the predicted ORFs. Functional annotations were generated using 682 
BLASTP (60) analysis against the non-redundant protein database (nr) provided by 683 
the National Centre for Biotechnology Information (located at: 684 
http://blast.ncbi.nlm.nih.gov/Blast.cgi) as well as using the MEGAnnotator pipeline 685 
(61). Proposed protein functions were validated by querying protein domain databases 686 
Pfam (62), the National Center for Biotechnology Information (NCBI) Conserved 687 
Domain Database (63), and by performing homology prediction searches using 688 
HHPred (64). The genomes were searched for the presence of potential transfer RNA 689 
(tRNA) genes using tRNAscan-SE (65). The genomic characteristics of the sequenced 690 
phage isolates are presented in Table 2. Quality improvement of the genome 691 
sequences involved sequencing of PCR products across the entire genome to ensure 692 
correct assembly, double stranding and the resolution of any remaining base-conflicts 693 
occurring within homopolymeric tracts. Artemis (66) was employed to inspect the 694 
results of the ORF prediction and its associated BLASTP results, which was used for 695 
a manual editing effort.  696 
Multiple alignment of nucleotide sequences of the newly sequenced phages isolated in 697 
this study and those of previously sequenced members representing the four known S. 698 
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thermophilus phage groups [DT1 (cos) (67), TP-J34 (pac) (49), 5093 (5093) (9) and 699 
9871 (987) (10)] were performed using ClustalW software. The alignment was 700 
employed to generate an unrooted phylogenetic tree using the “itol” software 701 
(http://itol.embl.de/) applying the neighbor-joining method. 702 
 703 
Electron Microscopy 704 
Phages STP1 and MM25 were selected as representatives of the phage collection for 705 
imaging and fresh, high titre lysates (at least 10
9
 pfu.ml
-1
) were produced and diluted 706 
1:100 in SM buffer (68) before imaging. Adsorption of CsCl-purified phages to 707 
freshly prepared carbon film floated from a freshly coated mica sheet and negative 708 
staining with 2 % (w/v) uranyl acetate were performed as described previously (69). 709 
The film was picked up with a 400-mesh copper grid (Agar Scientific, Essex, UK), 710 
and specimens were examined with a Tecnai 10 transmission electron microscope 711 
(FEI, Eindhoven, The Netherlands) operated at an acceleration voltage of 80 kV. 712 
 713 
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Table 1. Details of the samples tested in this study and the phages isolated between 2006 and 2016 932 
 933 
Year
♣
 #  samples *Total # tests 
performed 
(# samples × 
52 bacterial 
strains) 
# phage 
positive 
samples 
 # 
phages 
isolated 
Isolate genotype 
(# isolates) 
 
Factory A whey samples 
 
2006 105 n/a 68 14 STP1 (14) 
2007 98 n/a 58 12 STP1 (12) 
2008 97 n/a 62 16 STP1 (15), STP2 (1) 
2009 102 n/a 59 14 STP1 (14) 
2010 101 n/a 67 12 STP1 (10), STP2 (2) 
2011 109 n/a 65 20 STP1 (16), STP2 (4) 
2012 115 n/a 65 16 STP1 (16) 
2013 106 n/a 68 14 STP1 (12), STP2 (2) 
2014 98 n/a 66 12 STP1 (12) 
2015 101 n/a 69 16 STP1 (6), STP2 (2), 
A0 (1), B0 (1), C0 
(1), 9B4 (1), 16B8 
(2), 31B4 (2) 
2016 104 n/a 64 14 STP1 (12), 7T (2) 
TOTAL 1,136 n/a 711 (63 %) 160  
 
Externally-acquired whey samples 
 
2006 94 4,888 62 10 STP1 (10) 
2007 98 5,096 60 12 STP1 (12) 
2008 96 4,992 47 12 STP1 (12) 
2009 92 4,784 54 12 STP1 (10), STP2 (2) 
2010 100 5,200 59 14 STP1 (14) 
2011 96 4,992 69 12 STP1 (9), STP2 (3) 
2012 290 15,080 207 14 STP1 (4), STP2 (5), 
B5 (5) 
2013 306 15,912 223 14 STP1 (6), B5 (8) 
2014 295 15,340 201 14 B5 (10), MM25 (2), 
M19 (2) 
2015 305 15,860 244 16 STP1 (2), 9A (2), 
L5A1 (2), 7A5 (4), 
7T (6) 
2016 271 14,092 164 16 A0 (2), B5 (2), STP2 
(4), 
 V2 (5), R1 (3) 
TOTAL 2,043 106,236 1390 (68 %) 146  
♣The sampling period for each year was between March and early July. 934 
*This refers only to externally-acquired samples as Factory A-derived samples were all pre-screened on 935 
S. thermophilus P1 and only the isolated propagated phages were tested against the panel of 52 S. 936 
thermophilus strains. 937 
 938 
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Table 2. Host range highlighting the average E.O.P. of phage isolates relative to the primary host* 939 
(bold) and details of the origin of the isolates. Shaded areas indicate strains that were insensitive to 940 
infection by the isolated phages. 941 
Phage 
isolate 
Year of 
isolation 
Source P1 P2 P3 P4 P5 P6 CNRZ447 STR1 
STP1 2006 Factory 1 1.1×10
-5 2.6×10-3      
STP2 2008 Factory 1 1       
31B4 2015 Factory 1 2.6×10-2  1  1.6×10-5   
16B8 2015 Factory 1 6.8×10
-4  0.7     
9B4 2015 Factory 1 1 6.8×10
-4   8.2×10-5   
A0 2015 Factory 1 2.4×10
-2    1.5×10-4   
B0 2015 Factory 1 1.3×10
-4       
C0 2015 Factory 1  0.5     1 
B5 2012 External  1 1.2×10-1       
MM25 2014 External      1    
M19 2014 External   1     3.3×10
-2  
9A 2015 External 1 1.5×10
-2    1.0×10-4   
L5A1 2015 External  1 1.7×10-1       
7A5 2015 External  1 8.5×10-2  6.7×10-3     
7T 2015 External  1 1       
V2 2016 External  1   2.9×10-2     
R1 2016 External  0.3  0.5     1 
* The host range of each of the phages was assessed against a panel of 52 S. thermophilus 942 
strains. Only those strains that were sensitive to infection by one or more of the phages is 943 
presented in the table above. 944 
 945 
 946 
 947 
 948 
 949 
 950 
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 951 
Table 3. Order of appearance and source of first isolates of lineage 1 and 2 phages in factory A 952 
 953 
 954 
 955 
 956 
 957 
 958 
 959 
 960 
 961 
 962 
 963 
 964 
 965 
 966 
 967 
 968 
 969 
 970 
Phage isolated Date of 
isolation 
Location of first 
appearance 
Re-occurrence 
in factory 
Subsequent factory-
isolated related phages 
STP1 (Lineage 1) March 2006 Factory A 2007-2016 STP2 (May 2008), A0, B0, 
C0 (April 2015) 
7T (Lineage 2) March 2015 External factory 2016 9B4, 16B8, 31B4 (June 
2015), 7T (2016) 
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Figure legends 971 
 972 
Fig. 1. Unrooted phylogenetic tree of the 17 sequenced isolates and a representative cos (DT1), 973 
pac (TP-J34), 5093 (5093) and 987 (9871) groups included as references. All phage isolates group 974 
most closely to DT1 while distinct subgroups or lineages (L) of the phage isolates are also 975 
highlighted in the tree (L1- L4). Factory-derived phage isolates are indicated in black text; 976 
externally-derived phage isolates are indicated in green text and representatives of the four S. 977 
thermophilus groups (cos, pac, 5093 and 987) are indicated in blue text. 978 
 979 
Fig. 2.  Schematic representation of the genomes of lineage 1 (STP1, STP2, C0, A0, 7A5, B5, B0, 980 
L5A1) and lineage 2 (7T, 9B4, 31B4, 16B8, R1, V2) phages. Arrows (indicating protein-encoding 981 
regions) joined by shaded boxes indicate genetic regions of similarity with the black shading 982 
indicating 90-100 % aa identity; dark grey indicating 80-89 %; light grey indicating 50-79 % and 983 
off-white indicating 30-49 % aa identity. Arrows of the same colour represent genes with a similar 984 
function. Those arrows coloured in grey are indicative of genes encoding proteins of unknown 985 
function. The predicted functions of the encoded proteins are presented above the relevant arrows, 986 
where known and the functional modules are presented below the schematic. The major region of 987 
divergence between 7T (the first lineage 2 isolate) and STP1 (first lineage 1 isolate) is highlighted 988 
in the 7T genome representation by a red box. Similarly, regions of genetic novelty associated 989 
with isolates B5, 7A5 and L5A1 are highlighted in red boxes. All lineage 2 phage genomes 990 
possess a genomic region with greater than 90 % identity. The lineage (L1/2) and source (factory-991 
F or external-E) are also presented on the left side of the figure. 992 
 993 
 994 
Fig. 3. Schematic representation of the genomes of lineage 3 (MM25 and 9A) and lineage 4 (M19) 995 
phages and their comparison to the first isolate of the study (STP1, lineage 1). Arrows (indicating 996 
protein-encoding regions) joined by shaded boxes indicate genetic regions of similarity with the 997 
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black shading indicating 90-100 % aa identity; dark grey indicating 80-89 %; light grey indicating 998 
50-79 % and off-white indicating 30-49 % aa identity. Arrows of the same colour represent genes 999 
with a similar function. Those arrows coloured in grey are indicative of genes encoding proteins of 1000 
unknown function. The predicted functions of the encoded proteins are presented above the 1001 
relevant arrows, where known and the functional modules are presented below the schematic. The 1002 
lineage (L3/4) and source (factory-F or external-E) are also presented on the left side of the figure. 1003 
 1004 
Fig. 4. Top: Unrooted phylogenetic tree of the Tal-RBPs of the 17 sequenced phages highlighting 1005 
the disparity of the Tal-RBPs of the lineage 1/2 (left) and 3/4 phages (right). Bottom: Schematic 1006 
depicting the organisation of the Tal-RBPs of the sequenced phages using representatives of the 1007 
group. All Tal-RBPs possess a conserved N-terminal ~400 aa Tal domain (blue). 9A (lineage 3 1008 
phage) is the sole phage encoding a Tal-RBP with two BppA-like (5E7T_B) CBDs (purple) and 1009 
these constitute the regions described as VR1 and VR2. VR1, where present, is always flanked by 1010 
collagen repeat motifs (red). The VR2 region may/may not incorporate a 5E7T_B BppA CBD 1011 
(purple) and/or may represent a distinct CBD, e.g. Igu1_A domain (yellow), or a CBD of, as yet, 1012 
unidentified structure. STP1 is representative of the Tal-RBPs of lineage 1 and 2 phages, which all 1013 
share a similar size and architecture. MM25 is representative of the lineage 4 phages.  1014 
 1015 
Fig. 5. Representative electron micrographs of STP1 (panel A) and MM25 (panel B). Both phages 1016 
display long tails with protruding feather-like appendages from the tail tip.  1017 
 1018 
 1019 
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